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ORIGINAL ARTICLE 

Lycium barbarum polysaccharides protect rat liver from 
non-alcoholic steatohepatitis-induced injury 

J Xiao^ EC Liong\ YP Ching\ RCC Chang^ ^ ML Fung^'^ AM Xu^'^ KF So^'^ and GLTipoe^'^ 

BACKGROUND: Lycium barbarum polysaccharides (LBPs) are antioxidant and neuroprotective derivative from Wolfberry. However, 
whether LBP has a protective effect in non-alcoholic steatohepatitis (NASH)-induced hepatic injury is still unknown. 
OBJECTIVE: We aimed to study the possible hepatoprotective effects and mechanisms of LBP on a diet-induced NASH rat model. 
METHODS AND DESIGN: In this study, female rats were fed a high-fat diet to induce NASH with or without an oral 1 mg kg " ^ LBP 
feeding daily for 8 weeks. After 8 weeks, blood serum and liver samples from each rat were subjected to histological analysis, 
biochemical and molecular measurements. 

RESULTS: Compared with control rats, NASH rats showed typical NASH features including an increase in liver injury, lipid content, 
fibrosis, oxidative stress, inflammation and apoptosis. In contrast, NASH + LBP-co-treated rats showed (1) improved histology and 
free fatty acid levels; (2) re-balance of lipid metabolism; (3) reduction in profibrogenic factors through the TGF-(3/SMAD pathway; 
(4) improved oxidative stress through cytochrome P450 2E1 -dependent pathway; (5) reduction in hepatic pro-inflammatory 
mediators and chemokines production; and (6) amelioration of hepatic apoptosis through the p53-dependent intrinsic and extrinsic 
pathways. The preventive effects of LBP were partly modulated through the PI3K/Akt/Fox01, LKB1/AMPK, JNK/c-Jun and MEK/ERK 
pathways and the downregulation of transcription factors in the liver, such as nuclear factor-KB and activator protein-1. 
CONCLUSION: LBP is a novel hepatoprotective agent against NASH caused by abnormal liver metabolic functions. 

Nutrition & Diabetes (2013) 3, e81; doi:1 0.1 038/nutd.201 3.22; published online 22 July 2013 

Keywords: Lycium barbarum polysaccharides; non-alcoholic fatty liver disease; fibrosis; oxidative stress; inflammation 



INTRODUCTION 

Non-alcoholic fatty liver disease (NAFLD) is a chronic metabolic 
liver disease that histologically resembles the alcohol-induced 
hepatic injury, but which is not from abuse of alcohol consump- 
tion (<20g per day).^ In Western countries, NAFLD affects 
20-40% of the adult populations and has the potential to be 
the most common liver disease.^""^ Non-alcoholic steatohepatitis 
(NASH), the extreme form of NAFLD, is characterized by an 
increase in fat deposition, fibrosis, oxidative stress and chronic 
inflammation in the liver. It is also the common cause of cirrhosis 
and could later progress to hepatocellular carcinoma, the life- 
threatening cancer.^ To date, the detailed mechanisms in the 
development of NASH remain not fully understood. However, a 
'multi-hit' theory has been proposed to depict the key pathogenic 
processes of NASH development. In this theory, insulin resistance 
is thought to be the 'first hit' to the liver because it induces a net 
accumulation of lipid in hepatocytes that may cause the 
occurrence of following 'hits', such as oxidative stress, inflamma- 
tion, fibrosis and apoptosis.^ Recently, some natural substances, 
including derivatives from foods or beverages, have been 
investigated for their protective effects in NAFLD/NASH-induced 
hepatic injury.^'^ 

Lycium barbarum polysaccharides (LBPs) are the liquid fraction 
extracted from Wolfberry, the fruit of traditional Chinese medicinal 
plant L barbarum, or Goji. In China, Goji has been used for 



centuries because it is believed to have positive effects on 
nourishing the liver and maintaining the health of the eyes.^ In the 
past decade, LBP has been studied for its therapeutic effects on 
human health. As a potent antioxidant, LBP enhances antioxidant 
biomarkers in human serum^° and protects the body from 
chemical- or exercise-induced toxicity through suppression of 
oxidative stress.""^^ In cancer cell line, LBP treatment inhibited 
cell proliferation, arrested cell cycle in S phase, induced apoptosis 
and interrupted intracellular calcium balance.^^ Finally, several 
reports demonstrated the anti-aging and neuroprotective 
properties of LBP both in vitro and in vivo.^^~^^ Although a 
recent study found that LBP attenuates alcohol-induced hepatic 
injury, lipid content and oxidative stress,^^ the knowledge of the 
protective mechanisms of LBP on chronic liver diseases, 
particularly non-alcoholic liver diseases, is still inadequate. 

In this study, we investigated the protective effects of 
LBP treatment along with the induction of NASH in a 
voluntary orally fed high-fat diet rat model. Co-treatment with 
LBP potently ameliorated the abnormal features in the 
NASH-damaged liver. Several molecular pathways, including 
MAPKs and LKB1/AMPK, linked the initial lipid imbalance and 
downstream effects. Thus, these data proved that LBP or Goji 
could be a useful food supplement in the prevention of chronic 
liver diseases. 
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MATERIALS AND METHODS 

Rats and treatment 

Eight-week liealtliy adult female Sprague-Dawley rats with body weight 
ranging from 195 to 200 g were purchased from the Laboratory Animal 
Unit, University of Hong Kong. Rats were kept under standard conditions 
for 3 days before the start of the experiment with free access to animal 
chow and tap water. The animals were divided into four groups (n = 8 per 
group), namely: (1) control group; (2) NASH group; (3) vehicle-LBP group 
(1 mgkg~^ in 1 x phosphate- buffered saline; oral feeding; one time per 
day); and (4) NASH and LBP co-treatment group. The development of 
NASH in rats, including the recipe and preparation protocols of diet, was 
performed based on our previously described voluntary oral feeding 
NAFLD animal model.^°'^^ Briefly, the diet provided 30% of its energy from 
fat, 35% from carbohydrate and 35% from protein with supplements of 
vitamins and minerals. After 8 weeks, rats were killed by an overdose 
of anesthesia (150mgkg~^ pentobarbital, intraperitoneal injection) 
according to the protocols approved by the Committee of Animal Use 
for Research and Teaching at the University of Hong Kong. The Laboratory 
Animal Unit of the University of Hong Kong is accredited by the 
Association for Assessment and Accreditation of Laboratory Animal Care 
International. Blood and liver samples were collected for further analyses. 

Processing of tissue and blood samples 

Serum was collected by centrifugation of whole blood sample at 1000 x g 
for 1 0 min at 4 °C and stored at - 80 °C. Liver tissue samples were fixed in 
10% phosphate-buffered formalin, processed for histology and embedded 
in paraffin blocks. Five-micrometer tissue sections were cut and stained 
with hematoxylin and eosin, Sirius red and synaptophysin (DAKO, Glostrup, 
Denmark) for histological analysis under LEICA Qwin Image Analyser (Leica 
Microsystems Ltd., Milton Keynes, UK). The percentage area of the total 
amount of collagen was determined by the sum areas of Sirius red-positive 
stain divided by the sum areas of the reference field multiplied by 1 00. The 
NAFLD activity score of each group was calculated as previously 
described.^^ 

Terminal deoxynucleotidyl transferase-mediated dUTP-nick end 
labeling assay 

To demonstrate the apoptosis in the liver, the terminal deoxynucleotidyl 
transferase-mediated dUTP-nick end labeling (TUNEL) assay that detects 
3' hydroxyl ends in fragmented DNA as an early event in apoptotic cascade 
was used. After dewaxing and rehydration of the paraffin -em bedded liver 
tissue sections, staining was performed according to the manufacturer's 
instructions regarding the TUNEL assay by using the in situ cell death 
detection kit (Roche, Basel, Switzerland). DNase I recombinant in the 
sections was used as the positive control. Label solution without terminal 
transferase was used in place of TUNEL reaction mixture for negative 
control. The positive immunostaining of Fast Red of TUNEL was examined 
by light microscope (Zeiss Axiolab; Carl Zeiss Inc., Jena, Germany) and 
analyzed by ImageJ software (Bethesda, MD, USA). 

Serum alanine aminotransferase assay 

To evaluate the hepatic injury at the enzymatic level, serum alanine 
aminotransferase (ALT) level was measured by using ALT (SGPT) reagent 
set (Teco diagnostics, Anaheim, CA, USA) according to the manufacturer's 
instructions. 

Free fatty acid assay 

To study the effect of LBP on lipid metabolism, blood serum free fatty acid 
(FFA) level of each rat was measured by using Cayman FFA assay kit 
(Cayman Chemical, Ann Arbor, Ml, USA), and the final results were 
expressed as |iM in the serum. 

Measurement of malondialdehyde level 

Levels of the end-product of lipid peroxidation (malondialdehyde (MDA)) 
in all liver tissue samples were determined by using a Bioxytech LPO-586 
kit (Oxis Research, Portland, OR, USA). The reaction product was measured 
spectrophotometrically at 586 nm. Standard curves were constructed using 
1,1,3,3-tetraethoxypropane as a standard. The MDA levels were normalized 
with corresponding protein amounts determined by a Bio-Rad Protein 
Assay Kit (Bio-Rad, Hercules, CA, USA) and expressed as percentage against 
the control level. 



RNA extraction and reverse-transcription quantitative PGR 
Total RNA of each rat was extracted from the liver sample by using illustra 
RNAspin mini kit (GE Healthcare, Buckinghamshire, UK). The preparation of 
the first-strand cDNA was conducted following the instruction of the 
Superscript First-Strand Synthesis System (Invitrogen, Carlsbad, CA, USA). 

The mRNA expression levels of target genes were measured by Takara 
SYBR premix Taq quantitative PGR system (Takara Bio Inc, Shiga, Japan) 
and in MyiQ2 real-time PGR machine (Bio-Rad). The primer sequences and 
annealing temperatures used in those real-time PGR reactions are listed in 
Supplementary Table SI. Parallel amplification of glyceraldehyde-3- 
phosphate dehydrogenase was used as the internal control. Relative 
quantification was done by using the 2"^^*^^ method. The relative 
expression of the specific gene to the internal control was obtained and 
then expressed as percentage of the control value in the Figures. All real- 
time PGR procedures including the design of primers, validation of PGR 
environment and quantification methods were performed according to the 
MIQE guideline.^^ 



Western blot analysis 

Western blot analyses of liver tissue extracts were performed as previously 
described.^^ The ratio of the optical density of the protein product to the 
internal control was obtained and was normalized as a percentage of the 
control value in the Figures. 



Enzyme-linked immunosorbent assay measurement 
To correlate the mRNA expression with protein expression of selected 
target genes in the liver, enzyme-linked immunosorbent assay measure- 
ments of tumor necrosis factor-a, interleukin-1 p, monocyte chemoattrac- 
tant protein-1 and transforming growth factor-pi were performed by 
using corresponding enzyme-linked immunosorbent assay development 
kits from PeproTech (PeproTech Inc., Rocky Hill, NJ, USA) according to the 
user instructions. 



Determination of DNA-binding activity of nuclear factor-KB and 
activator protein-1 

Nuclear factor-KB (NF-kB) and activator protein-1 (AP-1) are the major 
transcription factors in the regulation of inflammation and oxidative stress. 
The DNA-binding activity of these factors was performed by electro- 
phoretic mobility shift assay using the Gel Shift Assay Systems from 
Promega (Madison, Wl, USA) as previously described.^^ 



Statistical analysis 

Data from each group were expressed as means ±s.e.m. Statistical 
comparison between groups was done using the Kruskal-Wallis test 
followed by Dunn's post hoc test to detect differences in all groups. A 
P-value <0.05 was considered to be statistically significant (Prism 5.0; 
Graphpad Software, Inc., San Diego, CA, USA). 



Table 1. Body weight, wet liver weight and food intake of rats during 
NAFLD induction 



Body Body Wet liver Food intal<e 

weiglit at weiglit at weiglit at at weel< 8 
weel< 0 (g) weel< 8 (g) weel< 8 (g) (ml per day) 



Control 198.6 ±1.8^ 297.0 ±5.1^ 9.8 ±0.2^ N/A 

NASH 199.2 ±1.2^ 330.2 ±7.0^ 11.6 ±0.3^ 89.7 ± 2.2^ 

LBP 199.0 ±2.0^ 301.2 ±6.3^ 9.7 ±0.3^ N/A 

NASH + LBP 1 95.5 ± 2.5^ 324.5 ± 5.7^ 1 0.0 ± 0.3^ 88.1 ± 1 .5^ 



Abbreviations: LBP, Lycium barbarum polysaccharide; N/A, not applicable 
(because rats were fed with regular chow not liquid high-fat diet); NAFLD, 
non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis. Data 
from each group were expressed as mean ± s.e.m. (n = 8). Different letters 
(e.g., a and b) represent statistical significance between two groups 
(at least P<0.05). 
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RESULTS 

Addition of LBP showed no effect on the rat body weight and food 
intake 

At week 8, the mean body weight of high-fat diet-induced NASH 
rats was significantly higher than that of the control rats 
(330.2 ± 7.0 versus 297.0 ± 5.1 g). Addition of LBP slightly reduced 
the mean body weight of NASH rats, although the change was not 
statistically significant (324.5 ± 5.7 versus 330.2 ± 7.0 g). There was 
no difference in high-fat diet intake between NASH rats and 
NASH + LBP-co-treated rats (89.7 ±2.2 versus 88.1 ±1.5 ml per 



day) (Table 1). Wet liver weight results also showed that NASH rats 
had heavier liver than control rats. Administration of LBP 
significantly reduced the liver weight of NASH rats without 
influencing that of control rats (Table 1). 



LBP ameliorated NASH-induced liver injury, fat deposition and 
collagen formation 

In high-fat diet-induced NASH rat, steatohepatitis caused a large 
number of fatty droplet accumulation and foci of inflammatory 
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Figure 1. Administration of LBP improved liver functions injured by NASH development, (a) Hematoxylin and eosin staining shows that high- 
fat diet-fed rats exhibit fat deposition and inflammatory foci in the liver. Administration of LBP reduced the injury without influencing healthy 
rat liver. Ctrl, control, (b) Sirius red staining shows the collagen formation in the NASH rat liver, which is significantly attenuated by LBP 
treatment, (c) Quantification of collagen formation, (d) NAFLD activity score and (e) serum ALT levels also indicate the improvement of liver 
function by LBP treatment. Data from each group were expressed as means ± s.e.m. {n = 8). Statistical comparison between groups was done 
using the Kruskal-Wallis test followed by Dunn's post hoc test to detect differences between all groups. A P-value <0.05 was considered to be 
statistically significant with different letter labels. C, control; L, vehicle-LBP; N, NASH; N + L, NASH + LBP. Magnification: x 200. Bar: 20|im. 
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cell infiltration throughout the liver, as demonstrated by 
hematoxylin and eosin staining (Figure la). With the LBP co- 
treatment, both fat deposition and inflammation within the liver 
were significantly reduced (Figure Id). LBP treatment also reduced 
the collagen formation around the centrolobular veins in the liver 
(Figures 1b and c). Serum ALT level was increased in NASH rats, 
but decreased by the co-treatment with LBP (Figure 1e). LBP 
treatment did not affect liver histology, fat deposition, serum ALT 
level and collagen formation of normal rats (Figures la-e). 



Hepatic lipid metabolism was re-balanced by the administration 
with LBP 

Lipogenic genes (sterol regulatory-element-binding protein-lc 
and peroxisome proliferator-activated receptor gamma 2) were 
upregulated, whereas lipolysis genes (adipose triglyceride lipase 
and adiponectin) were downregulated in high-fat diet fed NASH 
rats, which suggested a dysregulation of lipid metabolism in these 
rats (Figures 2a-d). As a result, serum FFA level was elevated in 
NASH rats (Figure 2e). Addition of 1 mg kg ~ ^ LBP along with high- 
fat diet counteracted the NASH-induced effects on lipid metabolic 
genes and serum FFA level, without influencing their basal levels 
(Figures 2a-e). 
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Figure 2. LBP treatment re-balanced lipid metabolism in the liver. 
Real-time PCR results of (a,b) Lipogenic genes (sterol regulatory- 
element-binding protein-lc (SREBPIc) and peroxisome proliferator- 
activated receptor gamma 2 (PPARy2)) and (c,d) lipolysis 
genes (adipose triglyceride lipase (ATGL) and adiponectin) exhibit 
accelerated lipid accumulation trends in the liver of NASH rats. LBP 
treatment has no significant impact on the healthy rat liver, 
(e) Serum level of FFAs further proves the anti-hyperlipidemic 
effects of LBP. Data from each group were expressed as 
means ±s.e.m. {n = S). Statistical comparison between groups was 
done using the Kruskal-Wallis test followed by Dunn's post hoc test 
to detect differences between all groups. A P-value <0.05 was 
considered to be statistically significant with different letter labels. C, 
control; L, vehicle-LBP; N, NASH; N + L, NASH + LBP. 



LBP administration inhibited hepatic fibrosis through the TGF-p/ 
SMAD pathway 

During the development of NASH, the mRNA expression levels of 
TGF-pi, a-SMA and PC-1 and protein level of TGF-pi were 
significantly upregulated in the liver, indicating an active status of 
hepatic fibrosis (Figures 3a-c). In line with the Sirius red staining 
results, daily administration of 1 mgkg~^ reduced the number of 
activated hepatic stellate cells (HSCs), which was significantly 
higher in the NASH group (Supplementary Figure SI). To further 
study the role of the TGF-p/SMAD pathway in fibrotic ameliora- 
tion, the activity of both SIV1AD2 and SIV1AD4 was measured. The 
phosphorylation forms of SIV1AD2 and SIV1AD4 were induced in the 
NASH group but inhibited by LBP administration. Vehicle-LBP 
treatment did not influence the basal levels of the profibrogenic 
factors but slightly altered the activity of SMAD2 and SIV1AD4 
(Figures 3d and e). 

Antioxidant effects of LBP treatment on NASH-induced hepatic 
oxidative injury 

To investigate the antioxidant properties of LBP treatment during 
the development of NASH, the formation of lipid peroxidation 
product — MDA and tyrosine nitration product — nitrotyrosine was 
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Figure 3. LBP treatment ameliorated fibrosis induced by NASH 
development. Expressional changes of (a) TGF-pi mRNA and 
protein, (b) a-SMA mRNA and (c) PC-1 mRNA exhibit increased 
hepatic fibrosis in the liver of high-fat diet-fed rats, which is 
attenuated by LBP treatment. Western blot of phosphorylated and 
total forms of (d) SMAD2 and (e) SMAD4 indicate the contribution of 
the TGF-p/SMAD pathway in the anti-fibrosis effects of LBP. Data 
from each group were expressed as means ± s.e.m. {n = 8). Statistical 
comparison between groups was done using the Kruskal-Wallis test 
followed by Dunn's post hoc test to detect differences between all 
groups. A P-value <0.05 was considered to be statistically 
significant with different letter labels. C, control; L, vehicle-LBP; 
N, NASH; N + L, NASH + LBR 
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Figure 4. LBP treatment reduced oxidative stress induced by NASH 
development. Expressional changes of (a) MDA formation, (b) 
nitrotyrosine formation, (c) catalase (CAT) mRNA, (d) glutathione 
peroxidase (GPx) mRNA and (e) CYP2E1 protein indicate an 
increased oxidative stress in the liver of high-fat diet-fed rats, which 
is attenuated by LBP treatment. Data from each group were 
expressed as means ± s.e.m. {n = 8). Statistical comparison between 
groups was done using the Kruskal-Wallis test followed by Dunn's 
post hoc test to detect differences between all groups. A P-value 
<0.05 was considered to be statistically significant with different 
letter labels. C, control; L, vehicle-LBP; N, NASH; N + L, NASH + LBP. 

measured in each group of rat. NASH development enhanced the 
formation of both MDA and nitrotyrosine in the liver, which was 
abolished by the addition of LBP (Figures 4a and b). Furthermore, 
the mRNA expression of antioxidant enzymes — catalase and 
glutathione peroxidase — was suppressed in the NASH group, 
when compared with that of control group. LBP co-treatment 
restored the level of these two enzymes as one of its antioxidant 
functions (Figures 4c and d). As a key enzyme mediating the 
production of reactive oxygen species in the liver, the protein 
expression level of CYP2E1 in NASH rats was upregulated to 
approximately 3.3-fold of the control level. LBP co-treatment also 
abolished such elevations without affecting its basal expression 
(Figure 4e). 

Effects of LBP treatment on hepatic inflammation and 
chemoattraction 

The concentrations of typical pro-inflammatory cytokines (tumor 
necrosis factor-a and interleukin-1 P) and enzymes (iNOS and 

© 2013 Macmillan Publishers Limited 



COX-2) were higher in the NASH rats than in the control rats, at 
both transcriptional and translational levels. After the daily 
co-treatment with LBP throughout the induction of NASH, the 
elevated expressions of these cytokines and enzymes were either 
abolished or significantly reduced (Figures 5a-f). The expressional 
change of inflammation inhibitor SOCS-3 also exhibited similar 
trends, at both mRNA and protein levels, showing a positively 
correlated inhibitory mechanism with the induction of hepatic 
inflammation (Figures 5g and h). Consistent with the changes of 
inflammatory mediators, the concentrations of typical chemokines 
also showed peak responses in NASH rats and attenuated levels in 
NASH + LBP rats, indicating a reduced chemoattraction in the liver 
(Supplementary Figure S2). 

LBP attenuated hepatic apoptosis through the p53-dependent 
intrinsic and extrinsic pathways 

To study the effects of LBP on NASH-induced hepatic apoptosis, 
we first measured the activity of terminal deoxynucleotidyl 
transferase (TdT), an enzyme that recognized the presence of 
nicks in the DNAs using TUNEL assay. By staining TdT with Fast 
Red reagent, the positive signal intensity was significantly higher 
in the NASH group than in the other three groups. Interestingly, 
both vehicle-LBP and NASH + LBP groups showed slightly higher 
signals of TdT than the control group, indicating that a slight 
degree of apoptosis had been induced in the healthy liver by LBP 
treatment (Figure 6a). To further characterize the signaling 
pathways that led to hepatic apoptosis, protein concentrations 
of key mediators in both the intrinsic and extrinsic apoptotic 
pathways had been quantified. In line with the TUNEL results, the 
concentrations of cleaved caspase-3 and phosphorylated p53 
were highest in the NASH group and were slightly higher in the 
vehicle-LBP and NASH + LBP groups when compared with the 
control group. Three key members of the intrinsic pathway, 
cytochrome-c, Bcl-2 and Bax, exhibited significantly elevated 
protein concentrations in the NASH group and the control, 
showing comparable level to the vehicle-LBP and NASH + LBP 
groups. Key members for the extrinsic apoptotic pathway 
(Fas-associated death domain. Fas and cleaved caspase-8) 
revealed similar trends and results (Figures 6b and c). 

LBP has hepatoprotective roles through modulating the kinase- 
dependent pathway and transcription factors 

To further study the pathways linking upstream lipid dysfunction 
('first hit') and downstream oxidative stress, inflammation and 
apoptosis ('multi-hit'), several kinase-dependent pathways were 
characterized in different groups. In NASH rats, the hepatic 
activities of PI3K/Akt, LKBI/AMPK and MEK/ERK were inhibited, 
whereas the activities of Fox01 and JNK/c-Jun were induced. 
Addition of LBP reversed the changes in the PI3K/Akt/Fox01, 
LKBI/AMPK and JNK/c-Jun pathways but not in the MEK/ERK 
pathway (Figures 7a-c). NASH rats also showed increase activities 
of phosphorylated kBa, NF-kB and AP-1, which were probably 
responsible for the occurrence of oxidative stress, inflammation 
and apoptosis in the liver. LBP counteracted such effects 
(Figure 7d). Supershift assay of NF-kB and AP-1 confirmed the 
specificity of gel-shift assay (data not shown). 



DISCUSSION 

To date, the main therapeutic strategies for NAFLD/NASH are 
weight control, abstinence from fatty food and maintenance of 
moderate intensity of exercise. Although several pharmaceutical 
therapies have been tested, none of them is accepted as a gold 
standard therapy.^^ Because of their low toxicity and wide 
availability, several derivatives from natural herbs were used to 
control the pathological progression of NASH in animal studies, 
including aged garlic,^"^ coffee^ and green tea.^^ In this study, we 
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Figure 5. Addition of LBP alleviated hepatic inflammatory responses induced by NASH. Expressional changes of (a) tumor necrosis factor-a 
mRNA, (b) tumor necrosis factor-a protein, (c) interleukin-1 p mRNA, (d) interleukin-1 p protein, (e) iNOS mRNA, (f) COX-2 mRNA, (g) SOCS-3 
mRNA and (h) SOCS-3 protein show that high-fat diet feeding in rats induces obvious inflammatory responses in the liver. Administration of 
LBP significantly attenuated such responses with minimal influence on the healthy rats. Data from each group were expressed as 
means ±s.e.m. {n = S). Statistical comparison between groups was done using the Kruskal-Wallis test followed by Dunn's post hoc test to 
detect differences between all groups. A P-value <0.05 was considered to be statistically significant with different letter labels. C, control; 
L, vehicle-LBP; N, NASH; N + L, NASH + LBP. 



demonstrated that the polysaccharides part of Wolfberry 
ameliorated most typical NASH features in a high-fat diet rat 
model, from histological changes to apoptosis, with minimal 
perturbation in healthy rats. Because the effective dose of LBP in 
animal model is only 1mgkg~\ which corresponds to about 
0.25 g of dried Wolfberry for a 60-kg person,^^ it is convenient and 
realistic for the daily consumption of Wolfberry to prevent early 
and middle stage of fatty liver disease. 

The most direct evidence for the hepatoprotective property of 
LBP was the improvement of rat liver function. High-fat diet-fed 



rats showed typical NASH histology, such as intrahepatocyte lipid 
droplets, widespread inflammatory infiltration, perivenular fibrosis 
and increased serum ALT level (general index for hepatic injury/ 
necrosis). Oral administration of LBP not only retarded the 
progression of NASH but also reversed the pathological changes. 
The histological and biochemical improvements from LBP were 
achieved by a sum of molecular events at different levels. 

As the 'first hit' of NASH pathogenesis, dysregulated lipid 
metabolism was re-balanced by the co-treatment of LBP, leading 
to a reduction of lipid deposition in the liver. At the molecular 
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Figure 6. LBP administration reduced hepatic apoptosis in NASH rats through the intrinsic and extrinsic pathways, (a) TUNEL results show that 
an increased TdT staining signal intensity in high-fat diet-fed rat livers. The apoptosis trend is attenuated by LBP treatment. Western blot 
results of key members in the (b) intrinsic apoptotic pathway and (c) extrinsic apoptotic pathway indicate that the anti-apoptotic effects of 
LBP are through both the pathways. Data from each group were expressed as means ± s.e.m. (n = 4-5). Statistical comparison between groups 
was done using the Kruskal-Wallis test followed by Dunn's post hoc test to detect differences between all groups. A P-value <0.05 was 
considered to be statistically significant with different letter labels. C, control; U vehicle-LBP; N, NASH; N + L, NASH + LBP. Bar: 20 [im. 



level, LBP downregulated the intrahepatic expression of lipogenic 
genes and restored the level of lipolysis genes, contributing to 
accelerated lipid consumption rate (for example, p-oxidation) in 
the liver and reduced circulating level of FFAs (Figure 2). Because 
FFAs directly trigger the formation of oxidative stress and induce 
inflammation in the liver, the reduction of FFA levels by LBP 
partially alleviated hepatic reactive oxygen species formation and 
inflammatory infiltration.^^ LBP treatment also restored the 
endogenous level of antioxidant enzymes, such as catalase and 
glutathione peroxidase, which further reduced the intracellular 
oxidative stress during the development of NASH. As a direct 
consequence, the increased hepatic apoptosis ratio in NASH rats, 
which was closely related to intracellular oxidative stress and 
inflammation, was significantly attenuated by LBP treatment, 
through the p53-dependent intrinsic and extrinsic apoptotic 
pathways. The activities of transcription factors NF-kB and 
AP-1, the master regulators of inflammation and apoptosis,^^ 
were markedly higher in the NASH group than in the control, 
vehicle-LBP and NASH + LBP groups. Inhibition of NF-kB and AP-1 
may partly explain the mechanisms for the antioxidant, 
anti-inflammatory and anti-apoptotic properties of LBP. 

Under stressful conditions such as energy deprivation, the 
LKBI/AMPK pathway will respond to the stress by inhibiting the 
downstream apoptotic pathway through the AIVlPK-p53 axis.^° 
Consistent with increased hepatic apoptosis, the activities of both 



LKB1 and AMPK were suppressed in the NASH group (Figure 7b). 
Restoration of the LKBI/AMPK pathway by LBP co-treatment 
contributed to the improvement of hepatic functions. 

A recent study demonstrated that during the pathogenesis of 
NASH, inhibition of the PI3K/Akt pathway and activation of 
transcription factor FoxOI were crucial for the activation of HSCs, 
leading to the formation of ECM in the injured liver sites.^^ 
Consistently, in the current study, NASH rats showed higher 
number of activated HSCs in the liver, as exhibited by 
synaptophysin staining (Supplementary Figure SI). Moreover, 
the phosphorylation form of PI3K/Akt was inhibited, whereas 
FoxOI was promoted, which further supported the hypothesis 
that the anti-fibrogenic effect of LBP was partially through 
reduced activity of HSCs. As another important signaling 
contributor of fibrosis, the TGF-(3/SMAD pathway was also induced 
by NASH development but attenuated by the administration of 
LBP, providing a different inhibitory mechanism of fibrosis.^^'^^ 

The JNK/c-Jun pathway has an important role in FFA-induced 
insulin resistance and downstream pathological events, including 
inflammation and apoptosis.^^'^^ In this study, high-fat diet 
feeding drastically increased the activities of both JNK and 
c-Jun, indicating their role in NASH development. LBP co- 
treatment effectively reduced the phosphorylations of these 
kinases to the control levels (Figure 7c). Unlike JNK/c-Jun, the 
MEK/ERK pathway, which beneficially accounts for cellular 
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Figure 7. LBP treatment ameliorated NASH-induced hepatic injury through the kinase- and transcription factor-related pathways. Western blot 
results of the (a) PI3K/Akt/Fox01, (b) LKBI/AMPK, (c) MEK/ERK and JNK/c-Jun pathways show the involvements of these pathways in NASH 
development and LBP amelioration, (d) The results of kBa and electrophoretic mobility shift assay results of NF-kB/AP-1 in different groups of 
rats show that the NASH development is accompanied by the activation of NF-kB and AP-1 . Treatment with LBP reduces such induction. Data 
from each group were expressed as means ±s.e.m. (n = 4-5). Statistical comparison between groups was done using the Kruskal-Wallis test 
followed by Dunn's post hoc test to detect differences between all groups. A P-value <0.05 was considered to be statistically significant with 
different letter labels. C, control; L, vehicle-LBP; N, NASH; N + L, NASH + LBP. 



proliferation and oxidative stress formation after injury, is inhibited 
in NASH animals.^^'^'' Consistent with these findings, high-fat 
diet-fed rats showed decreased MEK/ERK activities, indicating a 
suppressed proliferation status in the liver. However, LBP 
treatment further reduced instead of restoring the activities of 
MEK/ERK. We speculate that it may be related to the enhancement 
of autophagy/lipophagy in the liver after LBP treatment (data not 
shown). 

In conclusion, consumption of LBP in a rat NASH model 
(1) improved liver function; (2) re-balanced lipid metabolism; 
(3) attenuated inflammation, oxidative stress and apoptosis 
through modulation of the kinase- and transcription factor-related 
pathways; and (4) reduced hepatic fibrosis via inhibition of HSC 
activity and the TGF-p/SMAD pathway. Considering its low 
effective dose, wide availability, and obvious improvement in 
NASH pathological features and minimal hepatic toxicity, LBP is a 
promising food supplement for the daily consumption in the 
prevention of NASH. Similar to other traditional Chinese medicinal 
herbal extracts, LBP is a mixture of several kinds of glycosidic 
monomers, including glucose, arabinose, galactose, mannose, 
xylose, rhamnose and p-carotene. The beneficial properties of LBP 
on the brain, neuron and liver probably rely on the intra-reactions 
or synergistic effects of the different monomers. Further studies by 
using specific monomer of these sugars in animal study and 
clinical trial are necessary. 
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